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FOREWORD 


The  wind  tunnel  data  discussed  in  this  report  were  obtained 
as  part  of  a  study  of  Supplementary  Lift  for  Air  Cushioned  Vehi¬ 
cles  for  the  U.S.  Army  Transportation  Research  Command  (USATRECOM) 
under  Contract  DA  44- 1 7 7-TC- 708 .  The  results  of  the  contract 
study  are  included  in  TCREC  62-50  (Vol .  II  -  Data  Analysis)  and 
TCREC  62-51  (Vol.  Ill  -  Performance  Analysis).  Volume  I  -  Basic 
Data  Report  is  available  from  USATRECOM  on  a  loan  basis  only. 

The  author  would  like  to  acknowledge  the  aid  of  Mr.  Norman  K. 
Walker,  whose  ideas  form  the  basis  for  the  data  correlation  method 
presented  herein,  and  to  Miss  Ellen  Jungclaus,  who  patiently  waded 
through  the  reams  of  data  to  plot  the  graphs  presented  in  this 
report . 
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SUMMARY 


This  report  discusses  some  effects  of  forward  speed  on  air 
cushion  vehicle  performance.  It  is  shown  that  at  a  given  forward 
velocity  (dependent  on  height  and  mass  flow)  the  forward  jet  is 
blown  rearward.  At  higher  velocities  considerable  performance 
improvement  could  be  attained  by  turning  off  this  jet. 

The  force  and  moment  data  are  found  to  correlate  very  well 
with  the  ratio  qQ/qc,  (pVoah/2m)2. 
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LIST  OF  SYMBOLS 
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b 


width  of  base  (2  ft),  includes  jet 
length  of  base  (4  ft),  includes  jet 

Drag 


drag  coefficient. 


q  S, 
^o  b 


lift  coefficient. 


Lift 

q  S, 
o  b 


mom 


pitching  moment  coefficient 


Pitching  Homen t 


q  S,  b 
o  b 


positive  nose  up, 


momentum  drag  coefficient 


mV 


q  S, 
no  b 


h 

K 


m 


Pt 

% 

% 

Sb 


length  of  peripheral  jet  (8  ft) 

mVj 

jet  momentum  coefficient  — — 

q  S, 
o  b 

height,  measured  to  base  of  model 
constant 

mass  flow  in  slugs/sec 

total  pressure  of  peripheral  jet  above  ambient 

free  stream  dynamic  pressure 

dynamic  pressure  at  "critical  velocity" 

2 

base  area  (8  ft  )  includes  jet 
jet  thickness 
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free  stream  velocity 


e. 

j 

p 


"critical  velocity" 
mean  jet  velocity 

free  stream  cushion  force  parameter 

jet  angle,  measured  from  vertical,  positive  inward 

density  of  air 


Subscripts  for  Lift,  Drag,  and  Pitching  Moment  Coefficients 
BG  simulated  jet  attached  to  ground 

BM  simulated  jet  attached  to  the  model 

o  basic  model  in  ground  effect,  but  no  jet  blowing 
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INTRODUCTION 


In  February  1961,  the  Grumman  Research  Department  initiated 
a  study  for  the  U.S.  Army  Transportation  Research  Command 
(USATRECOM)  on  Supplementary  Lift  for  Air  Cushioned  Vehicles 
(Contract  No.  DA  44-177-TC- 708) .  During  this  study  (Refs.  1,  2, 
and  3)  wind  tunnel  tests  were  conducted  on  a  three-dimensional, 
half  span,  reflection  plane  model  (Fig.  1)  with  an  18  per  cent 
thick  modified  Clark  Y  profile.  Air  supply  for  the  peripheral 
jets  was  piped  up  through  the  tunnel  floor.  The  leading  and 
trailing  edges  were  removable  (Fig.  2)  in  order  to  be  able  to 
vary  the  jet  configuration  readily  by  replacing  the  nozzle  blocks. 
When  these  nozzle  blocks  were  utilized,  the  wing-chord  to  ground- 
effect-base  chord  varied  (in  relation  to  the  basic  configuration) 
with  jet  deflection  angle,  but  not  with  jet  thickness.  The  ground 
effect  base  area  varied  because  of  this  procedure  (-2.3%  for 
6j  =  30°,  +2.7%  for  dj  =  -30°).  The  height  size  parameter  for  the 
various  configurations  and  heights  discussed  in  this  report  are 
tabulated  on  the  following  page. 

One  particularly  annoying  factor  in  the  data  analysis  was 
the  apparent  scatter  of  the  drag  and  moment  data  when  plotted 
versus  the  standard  jet  momentum  coefficient  C^.  (The  lift  data 
correlated  well  with  C^.)  This  apparent  scatter  was  attributed 
to  the  tares  in  the  ducting  system  and  the  variation  of  jet  flow 
distribution  with  forward  speed.  It  is  the  purpose  of  this  re¬ 
port  to  rectify  that  assertion  and  present  the  drag  and  moment 
data  for  the  symmetrical  jet  configurations.  It  is  apparent  now 
that  the  scatter  in  the  data  was  not  due  to  the  test  setup  (true  - 
that  contributed  somewhat) ,  but  to  the  fact  that  the  data  are'OOt 
a  function  of  C^,  but  a  function  of 

pV  ah  ^ 

Voc-C^r)  • 


The  development  of  this  parameter,  originally  proposed  by  N.  K. 
Walker  (Ref.  4),  is  discussed  in  a  later  section  of  this  report. 
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This  report  mainly  analyzes  the  model  configurations  with 
symmetrical  leading  and  trailing  edge  jet  nozzles.  The  force 
data  are  presented  in  coefficient  form  as  a  function  of  the  above 
parameter.  Pressure  data,  taken  along  the  base  of  the  model,  are 
also  presented  in  order  to  clarify  or  illustrate  what  happens  to 
the  air  cushion  as  speed  increases. 
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DISCUSSION 


Reference  2  discusses  the  geometric  characteristics  of  the 
model  used  during  the  wind  tunnel  study  of  supplemental  lift  for 
air  cushioned  vehicles.  The  smooth-airfoil  shaped  model  was 
chosen  in  order  to  eliminate  some  aerodynamic  variables  and 
facilitate  evaluation  of  the  wind  tunnel  data.  Two  types  of 
tests  were  conducted  with  the  air  supply  system  turned  off  and 
(when  applicable)  the  peripheral  jet  nozzles  taped  shut. 

The  first  of  these  tests  determined  the  basic  aerodynamic 
characteristics  of  the  model  at  zero  angle  of  attack  in  proximity 
to  the  ground.  For  these  tests  the  peripheral  jets  were  taped 
shut  to  present  a  smooth  undersurface.  Data  from  these  tests  are 
tabulated  below. 


h 

CL 

o 

CD 

o 

C 

m 

o 

2.5 

.1147 

.0441 

.0329 

5.0 

.0761 

.0377 

.0294 

7.5 

.0671 

.0403 

.0224 

Additional  aerodynamic  data,  with  the  model  at  various  angles  of 
attack,  were  gathered  in  a  later  portion  of  this  test  series,  but 
these  are  not  of  interest  for  this  report. 

The  second  set  of  tests  evaluated  the  aerodynamic  character¬ 
istics  of  the  model  with  a  simulated  jet.  These  are  called 
"mound  flow"  tests.  The  jet  curvature,  or  shape,  of  the  ACV  in 
the  hovering  mode  was  replicated  with  solid  material.  Two  con¬ 
ditions  were  evaluated.  One  of  these  conditions  had  the  simula¬ 
ted  jet  attached  to  the  model  while  the  other  had  the  jet  at¬ 
tached  to  the  ground-  (In  the  former  condition,  forces  acting 
on  the  simulated  jet  are  transmitted  to  the  model,  while  in  the 
latter  tests  they  are  not.)  The  data  from  these  tests  are  tabu¬ 
lated  on  the  following  page. 
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h 

\G 

°dbg 

C 

“bg 

\m 

CdBM 

c 

“bm 

2.5 

.41 

.024 

.05 

.43 

.067 

.046 

5.0 

.58 

.045 

.065 

.58 

.105 

.055 

7.5 

.0761* 

.691* 

.1435* 

Estimated,  see  Appendix. 

The  data  tabulated  for  the  7.5-inch  height  were  estimated  on 
the  basis  of  data  at  the  lower  heights.  The  estimation  procedure 
is  discussed  in  the  Appendix. 


Development  of  Correlation  Parameter 


The  first  tests  at  Grumman  on  the  forward  speed  characteris¬ 
tics  of  Air  Cushion  Vehicles  were  conducted  during  1959,  Ref.  5. 

At  the  time  of  testing,  we  were  more  interested  in  the  effect  of 
forward  speed  on  the  jet  than  in  the  effect  of  planform  on  the 
forward  speed  characteristics.  As  a  result,  the  model  tested  was 
a  quasi- two-dimensional  representation  of  an  annular  jet,  and 
represents  the  stagnation  point  in  a  three-dimensional  model.  It 
was  determined  at  that  time  that  there  was  a  direct  relationship 
between  the  AP^/qj,-,  ratio  that  had  correlated  the  two-dimensional 
hovering  data  (APb/9j0  is  a  function  of  jet  geometry  and  height 
only)  and  the  ratio  qQ/APb  (free  stream  dynamic  head  divided  by 
base  pressure) .  The  results  of  these  tests  indicated  that  the 
forward  jet  remains  intact  until  the  dynamic  head  due  to  forward 
speed  is  slightly  greater  than  the  base  pressure;  thereafter  there 
is  an  approximately  linear  increase  in  base  pressure  with  forward 
speed  dynamic  head.  However,  these  tests  represented  the  jet 
stagnation  point,  and  did  not  include  the  effects  of  planform 
shape . 

Two  particular  factors  discouraged  us  from  using  this  as  a 
correlation  parameter  in  our  work.  First  of  all,  the  results  of 
our  pressure  data  indicated  a  strong  variation  of  base  pressure 
distribution  with  forward  speed.  Second,  since  our  jets  were  fed 
from  a  common  source,  the  jet  flow  distribution  also  varied  with 
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forward  speed.  This  latter  factor  was  given  in  Ref.  2  as  one  of 
the  reasons  for  our  apparent  scatter  when  attempting  to  correlate 
the  drag  data  with  jet  momentum  coefficient  C^. 

Mr.  Norman  K.  Walker,  ACV  consultant  to  USATRECOM  and  ONR, 
has  recently  proposed  a  new  parameter  for  correlating  the  force 
data  from  ACV  wind  tunnel  tests,  and  for  use  in  predicting  the 
forces  acting  on  an  ACV  at  forward  speed.  This  was  first  dis¬ 
cussed  during  one  of  our  personal  contacts,  and  later  at  the 
IAS-NAVY  National  Meeting  on  Hydrofoils  and  Air  Cushion  Vehicles 
(Ref.  4) .  In  particular,  the  velocity  at  which  the  external  flow 
begins  to  pass  below  the  base  is  defined  as  the  "second  critical 
velocity."  (A  premature  transition  can  occur  first  when  qQ  =  pt, 
if  h  is  small.)  This  second  critical  velocity  is  calculated 
to  be 


V 

c 


,^2m  -  r  K _  2m 
Vpha^  P*13 


if  K/Cd  is  chosen  as  1.0.  (Actually,  according  to  Mr.  Walker, 

K  decreases  with  height,  see  Ref.  4.) 

The  ratio  of  free  stream  dynamic  head  to  the  dynamic  pressure 
of  the  second  critical  velocity  is  then 


q  pV  ha 

o  _  o  >, 

q  ^  2m  ) 


When  qQ/qc  equals  1.0,  the  mass  flow  of  air  attempting  to 
enter  the  cushion  due  to  free  stream  equals  twice  mass  flow  of 
air  encompassing  the  cushion  from  the  jets. 

Although  we  are  not  completely  satisfied  with  the  derivation 
of  this  parameter,  the  results  presented  in  Ref.  4  and  our  own 
results  (discussed  in  the  next  section)  certainly  verify  the 
selection  of  the  variables  in  qQ/qc  as  a  correlation  parameter 
for  ACV  wind  tunnel  test  results. 
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Force  Data 


Figures  3  through  7  present  various  forms  of  the  force  data 
(lift,  drag,  and  pitching  moment  coefficients)  as  functions  of 
qG/qc.  For  each  jet  configuration,  three  values  of  mass  flow  at 
each  of  three  velocities  (nine  combinations)  were  tested.  The 
force  data  correlation  is  excellent. 

The  variation  of  Cl  ~  Clq  with  qQ/qc  f°r  three  jet 
angles  is  presented  in  Fig.  3.  The  effect  of  jet  angle  is  seen 
to  be  most  predominant  at  the  lower  values  of  qc/qc.  The  mound 
flow  data  presented  on  these  curves  are  the  jet  simulation  re¬ 
sults  with  the  simulated  jet  attached  to  the  model.  The  mound 
flow  value  of  Cl  -  Clo  is  approximately  equal  to  the  total 
model  Cl  at  qG/qc  equal  to  1.0.  Multiplying  Cl  by  qQ/qc 
and  plotting  versus  qQ/qc  produces  an  interesting  result. 

Fig.  4.  First  of  all,  the  effect  of  jet  angle  is  more  distin¬ 
guishable,  even  at  the  7. 5- inches  height.  It  can  also  be  seen, 
that  at  q0/qc  less  than  1.0,  the  slope  of  the  CLq0/qc  curve 
is  approximately  equal  that  of  the  mound  flow  data  (range  of 
qQ/qc  depends  on  height).  At  qD/qc  greater  than  1.0,  the 
slope  of  the  Cl^o^c  gradually  decreases,  and  should  equal  that 
for  the  basic  model  at  very  high  q0/qc* 

The  variation  of  %  ~  cDo  with  qQ/qc  is  presented  in 
Fig.  5.  These  data  are  very  encouraging  since,  when  we  plotted 
this  same  data  versus  C  ,  there  seemed  to  be  excessive  scatter. 
The  mound  flow  data  (simulated  jet  attached  to  the  model)  are 
also  shown  on  this  plot.  There  are,  however,  some  discrepancies 
between  these  data  and  the  results  of  Ref.  4.  Our  drag  does  not 
peak  (and  equal  mound  flow  drag  at  the  peak)  at  qQ/qc  equal  to 
1.0,  and  then  decrease  proportional  to  1/VQ.  Instead,  our  re¬ 
sults  increase  with  qQ/qc  anc*  are  aPP^oximately  constant  at 
large  qQ/qc. 

The  parameter  (CD  -  CDo) /C^^,  suggested  in  Ref.  4  has 
been  presented  in  Fig.  6,  using  our  data.  CDmom  is  the  theoreti¬ 
cal  momentum  drag  coefficient . 


mV 

o 


Dmom  q  S, 
Mo  b 
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Again,  our  results  are  in  a  form  similar  to  that  presented  in 
Ref.  4,  but  the  scatter  among  (CD  -  CDo)  is  considerably 

greater  than  when  is  omitted. 

The  last  of  the  force  data,  the  variation  of  ((^  -  Cmo) 
with  qQ/qc,  is  presented  in  Fig.  7.  For  each  height,  all  the 
force  data  fall  on  one  pair  of  curves.  There  is  a  consistent 
discontinuity  in  curves  presented.  The  values  of  qQ/qc,  for 

which  this  discontinuity  occurs,  are  tabulated  below. 


h 

q  /q 

no  c 

2.5 

.105 

5.0 

.4 

7.5 

.  75 

It  is  at  these  values  of  q0/qc  that  a  significant  variation  of 
flow  pattern  occurs.  The  base  pressure  data  also  indicate  this. 


Pressure  Data 


Base  pressure  distribution  at  four  spanwise  locations  are 
presented  in  Figs.  8  through  24  for  various  configurations  and 
heights.  The  data  do  confirm  the  basic  change  in  flow  pattern 
at  specific  values  of  qQ/qc,  as  indicated  previously. 

Figures  8  through  10  present  base  pressure  distribution  at 
7.5-inches  height.  There  is  a  continual  change  in  pressures 
(both  magnitude  and  distribution)  as  qQ/qc  increases*  but  a 
radical  change  takes  place  between  qQ/qc  of  0.5  and  0.8. 

Figure  11  shows  this  change  occurring  at  qQ/ qc  between 
0.3  and  0.4  for  h  =  5.0  inches.  If  the  leading  edge  jet  is 
turned  off,  however,  this  radical  decrease  in  base  pressure  at 
forward  portion  of  the  base  does  not  occur.  Figs.  12  through  14. 
Actually  therefore,  the  leading  edge  jet  at  these  values  of 
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q0/qc  (and  above)  is  detrimental.  Not  only  would  you  waste 
power  (25  per  cent  for  this  configuration)  by  keeping  the  leading 
edge  jet  on  unnecessarily,  but  you  would  suffer  a  loss  in  lift 
as  well. 

Base  pressure  data  obtained  for  these  same  configurations 
at  2. 5- inch  height  also  verify  this.  Figs.  15  through  24.  The 
pressure  data  indicate  that,  at  this  height,  the  change  in  flow 
pattern  occurs  at  values  of  qD/qc  slightly  greater  than  0.10. 
(This  was  also  indicated  by  the  pitching  moment  data.)  For 
q0/qc  greater  than  0.1,  there  is  a  decrease  in  base  pressure 
at  the  forward  parts  of  the  base  as  qQ/qc  is  increased  further. 
This  is  illustrated  in  Figs.  15  through  21.  However,  if  we  turn 
the  leading  edge  jet  off,  as  illustrated  in  Figs.  22  through  24, 
there  is  a  continual  increase  in  base  pressure  as  qQ/qc  ^n~ 
creases . 


Research  Department 
RM-218 

November  1962 


REFERENCES 


1.  Ledesma,  R.R.,  Supplementary  Lift  for  Air  Cushioned  Vehicles, 
Volume  I  of  III.  Data  Report.  Aerodynamic  Section,  Grumman 
Aircraft  Engineering  Corporation  for  U.S.  Army  Transportation 
Research  Command,  Contract  DA  44-177-TC-708 . 

2.  Kirschbaum,  N.,  and  Helgesen,  J.,  Supplementary  Lift  for  Air 
Cushioned  Vehicles.  Volume  II  of  III.  Data  Analysis,  U.S. 
Army  Transportation  Research  Command,  TCREC  Technical  Report 
62-50,  June  1962. 

3.  Kirschbaum,  N.,  and  Helgesen,  J.,  Supplementary  Lift  for  Air 
Cushioned  Vehicles.  Volume  III  of  III.  Performance  Analysis, 
U.S.  Army  Transportation  Research  Command,  TCREC  Technical 
Report  62-51,  June  1962. 

4.  Walker,  N.K.,  Some  Notes  on  the  Lift  and  Drag  of  Ground 
Effect  Machines,  presented  at  the  IAS-NAVY  National  Meeting 
on  Hydrofoils  and  Air  Cushion  Vehicles,  Washington  D.C., 
September  19-20,  1962. 

5.  Tucker,  J.T.,  Two  Dimensional  Study  of  a  Low  Pressure  Annular 
Jet  Ground  Effect  Machine  at  Forward  Speed,  Grumman  Research 
Department  Memorandum  RM-165,  October  1959. 

6.  Rosenberg,  M.R.,  and  Fuller,  F.L.,  Ejector  Powered  Recircu¬ 
lation  Lift  Systems  for  Air  CushionVehicles,  Grumman  Re- 
search  Department  Memorandum  RM-202,  April  1962. 

7.  Jones,  R.S.,  Some  Design  Problems  of  Hovercraft,  IAS  Paper 
No.  61-45,  presented  at  the  IAS  29th  Annual  Meeting,  New 
York,  New  York,  January  23-25,  1961. 


10 


Research  Department 
RM-218 

November  1962 


APPENDIX 


ESTIMATE  OF  MOUND  FLOW  DATA  7. 5 -INCH  HEIGHT 


This  discussion  of  the  estimating  procedure  for  mound  flow 
data  (in  particular  lift  and  drag)  at  7. 5- inch  height  is  pre¬ 
sented  here  mainly  because  of  one  associated  parameter,  developed 
along  with  the  estimate.  This  parameter,  (3,  could  be  very  bene¬ 
ficial  in  an  analytical  investigation  of  ACV  lift  and  drag. 

Two  types  of  mound  flow  tests  were  conducted.  In  the  one 
type,  the  simulated  cushion  was  attached  to  the  model  and  in 
proximity  to  (but  not  touching)  the  ground.  As  a  consequence, 
forces  acting  on  the  simulated  cushion  are  transmitted  to  the 
model.  The  force  coefficients  in  this  case  are  subscripted  BM. 

In  the  other  type,  the  simulated  cushion  was  attached  to  the 
ground  and  in  proximity  to  (but  not  touching)  the  model .  The 
force  coefficients  in  this  case  are  subscripted  BG.  These  co¬ 
efficients  have  been  tabulated  on  page  5. 

For  both  types  of  mound  flow  tests,  the  flow  pattern  around 
the  model  should  be  identical.  This  is  illustrated  below. 


In  general,  we  would  expect  the  drag  forces  acting  on  the  simula¬ 
ted  cushion  to  be  a  function  of  the  free  stream  momentum.  We 
write  this  as. 


DSlm  '  P'PVoah  -  PVh  (l) 

Cush 
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P  depends  on  height  and  planform  shape.  Rewriting  in  co¬ 
efficient  form,  we  find 


DSim 

Cush 


=  P 


1* hi 
S. 


We  can  then  calculate  P  from  the  data  obtained  at  2.5-and  5.0- 
inches  height.  This  is  tabulated  below. 


h 

ah 

Sb 

Cdbm 

v 

P 

2.5 

.05208 

.067 

.024 

.8143 

5.0 

.1042 

.105 

.045 

.5758 

Figure  25  presents  a  plot  of  Cdbm,  Cqbg,  and  icD0 

versus  height.  The  data  points  are  shown  with  symbols,  and  solid 
lines  connect  these  points.  Dashed  lines  are  used  to  show  the 
extrapolation.  First  of  all,  we  require  that 


at  h  =  0 


This  intersection  point  is  found  by  a  straight  line  extrapolation 
of  Cj)^  from  h  =  5.0  and  2.5  inches  to  h  =  0,  and  a  con¬ 
tinuation  of  the  curve  passing  through  the  three  given 

o 

points.  Secondly,  examination  of  Eq.  (1)  indicates  that  it  is 
reasonable  to  require  p'  =1.0  at  h  =  0.  This  results  in 
P  =  2  at  h  =  0.  The  equation 


(2) 


Research  Department 

12  RM-218 

November  1962 


fits  the  data  points  at  h  =  0,  2.5,  and  5.0.  From  Eq.  (2), 

£3  *  0.4312  at  h  *  7.5  inches.  Continuation  of  tlfe  straight 

line  extrapolation  for  Cp  results  in  Cn  =  0.1435  at 

BM  ^TiM 

h  -  7.5  inches.  Consequently, 


.0761  , 


at  7. 5 -inches  height. 


Comparison  of  the  two  types  of  mound  flow  data  for  lift 
indicate  that  the  forces  acting  on  the  simulated  air  cushion  do 
not  contribute  to  lift.  We  do,  however,  require  that  at  h  =  0 
CT  =  CT  .  CT  at  h  =  0  is  found  by  extending  the  curve 
LBM  o  o 

passing  through  the  three  given  Cj^  points.  Cj^  at  7.5 

inches  is  found  by  extending  the  curve  passing  through  the  given 
data  at  5.0  and  2.5  inches,  and  the  value  o  f  CL  at  h  =  0 . 

This  is  illustrated  in  Fig.  26. 
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Fig.  1  Photograph  of  Model  in  Wind  Tunnel 
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Fig.  2  Photograph  of  Model  Showing  Replaceable  Leading  and 
Trailing  Edge  Nozzles 
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Fig.  5  Variation  of  CL  -  CL  with 
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Fig.  13  Base  Pressure  Data,  h  =  3.0,  t.  =  .94,  .  =  -30,  10000  rpm. 
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Fig.  15  Base  Pressure  Data, 


•■■■■a 
bidi  aaaaaai 

r»l  ■  ■■■■■■! 

!•*•  •  Ml1... 

JssitrtMt 

_  •aaaaaaa 


■m  t 

■  ••■■•••■••■••••■■a  ai 

.......  •iiiiiiiniiiiiitiia  > 

i>«.  iaiiia«  • •••••••••a aaiaiaai* « 

iiMMMiniMiiaa  a 

::::::::::::::::::  : 


b«aiM<*a«ai*i»  n 

k *••■•••••# 

III 


«■•»  -  '  iiaaamnamaia  aa  aaaaaaaaaa  aaaaaaaa*  ia.  aaaaaai aMiaaaaaa aaaaaiaaaa aaaaataaM  •••  aiaaaan  aaiaaaai  |k '•■■■■■■  aiaanaaM ■■■■■  naai aaaaa a 
»  ai. aaaaa aaaaa  aaaaiai jaaaaaaaaaiaaiiaiaaaaat  *aa. a iaaaa a iaaa aaaai aiaaa aaaaa aiaia aaaaa  iai  aaaiaaaa iaa aaaai fin '■ aaaaa aaaaa aaaaa aaaaai a aai aaaaaaaaai i 

■  aaaaa aaaa a aaaaa •*  aaa aaaaa aaaaa a.  aaiaaaai aaaa*.  *aaaa iaaaa aaaai aaaaaaaaaa aaaaaaaaaa »  aai  ■ aaaaa aai aaaaaai  aaaa  aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaai I 

■  •  aa  *’  aaaaa  aaaaa  aaaaa  «  aaa  a  aaaa  aaaaa  aa  'ia  aaaai  aaaaa  a  'iaa  aiaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaa  mi  iaaaa  a  aaa  aaaaaai  aaaaa.  aaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaai  i 

uiiaii  aaaa  aaa.  '  a  aaaaa  aaaaa  aaaaa  aaaii  aaaaaiaaaa  a  laaaaaaaa.  aiaaai  a*a*»a«'aa  aaaaaaaiiiiiBiBiiiiiiiHHHii 

Baa 


■  *  #8  *  gmm 

•  *  e  ft  9  *  1 

Raaa*  ■  iM^iiiiMiiiiiiMimiiiiMiiiMinMHMiMiMiiimmMHRiHiiiiMniMHlimmSiMMniimmiiiHMrmMnnniMiMHMMimiiiiiiiMmiiiiiin 

•  ■  ■  aaa  >  i  ia*n  aaaaa  aaaaa  aaaaa  aaaa  aaaaaiaaaa  aaa.  aaaaai  aaaaagaaa.  aaaaaaaaaa  aaaaaaaaaa  aaaaaiaaaa  a  aa  >aaaaaaaniaiaai  aaiaaaaa  a  aaaaaiaaaa  aaaaaaaaaa  aaiaaiaaai  iaai  aaaaaaaaa  1 

liamiai  ua  .  aaaaaaaaaa  aaaaa  iaaaa  aaaaa  aaaaa  aaaa  aaaai  aaaaiiiiiah.  *ia iaaaa aaaaaaaaaa aaiaaaaaaaai  aa  aaaaaiaaaa  aaaai  aaaaaaaaa*  'aaaaaaaaa  aaaaa  aaaai  aaaaa  aaaaa  iaai  aaaaai  iai 

iiaaniaaaiia.ji  . . iaaaa  aaaaaaaaaa  aaaaa  --ai  aaafaiagaa  aaa. -a'  aa  aaaaaaaaag  aaaaiagaaaa'  a  -aaai aaaai -*  iai  aaaaaiaaaa  a.  'a-  aaaa  aaaaaaaaaa  aaaaaaaaaa  *aa»  •aaaaa  aai 

Bar m laa-'iiaa  aaaai aaaai iaa  •  naai iaaaa aaaaa aaaaa  * u laaia Baagf aaaaa ■  ai aaaai iaaaa aaiaaiaaaa ■  aaaaiaaai .* iai aaaaaaaaai iai.  «  iaai aaaaaiaaaa Saaaaaaaa  i:5  aaaaiaaa 

bta  -•••■a  i  ua  aa  aaaai  aai  aaaai  aaaaaaaaaa  aaaaaa  it  aalaaaaaiiaaiaaa.  aaaaaaiaaa  aaaaaiaaaa  a*  ai  aaaaaaaaa  iai  iaaaa . aaaa.  'Saa  aaaaaaaaaa  aaaaaaaaa.  aaaaiaaa 

R!?r.  ii. aaaaaai ::::::::::  SaSaaaaSSaSSSSSSSaSaSSSSSSSSSi 

■  •aaai  laaaaiaaaa  laaaaiaaai  ■■•■■■■•■■  ••■■•■■«■•  ■■•■■«■•••■■■■■  iaaaa  aaaaaaaaaa  aaaaaaaaaa  ■aaaaiaaai  ■  aaaa  aaaaa  aaaainaii  •■■■■aaaai  ■iiaiiaaai  ■aaiaaaai*  •  ■  •_  _ 

■■aaaaaaaaaiaaai  aaaaaaaaai . .  aaaaa  aiar  .  -iaggafifr"  ig  iaa  aa!' •  •  aaaa  aaai  **a  a  aa  aaai-  ''aaaa  aaaaa  aaaaa  aaar-  aaaaaaaaaa  maiaiir .  aaaa  aaai .  .  aaiaaaaa*  laaaaiaaai  ua 

Iiiiii  laiaiaaaaiiiiaiaiat  laanaaii  aaai  iaai.  'aaai  iai  a  •  ■aiiifitt  .aa  Iaaaai.1  *  aaaaaaai  •  a  laaaaaaa  t  aaaaiia  «a  aaaaai*  aaaiiiaa.'SSaiaiiii  aaaaaaai  i  » iiiaSaai  »  'aaaa  bbbI" 

Iaa  a  ■  ■  aaianaaai  naai  aaaaa  »  aaaaaaaaa  aaaiiaaanaaiaiaaa*  .agaSi  iflf  MfBaaiaar  a  a  iai  aaaai  a  taaigaaai  aaaa  aaaai  aaaaa aaaa*  .aaaaiaaai  aaaaaaaaaa  *  a  aaa  aaaaa  >•  aaaaaaai  ■■■fSSiiik'L 

■  ••■■••■■■••■aaiaiiiiaiiaaviiasaiiiaaiiiiiiiifiiniaiiii  iiSiSaiaii  niaaiaaK  ••■•••■•••t«iiiiiMiiiitiaaaaaalaaaaaaaAiaaaiaaaaMaaaaaaiaiiaaaaaiiiiMaaaaiaaMaaaaaaai« 

■  ■■I  ■■■■■■ 

I .  . .  .  V  :  -  •  .  J 


I::::: :::::::::::::::::::: :::::::::: 

I iaaaa aaaaa  aaaia  aaaaa aaaaa  a aiiiiliil _ . 
|::::: :::::::::: :::::  •  •••••■■■•■•••■■! 

aaaaaaa  f 


■  a; laaaaiaaai  iaaaa 
iaiaiaaiaaaii  aiaaa 

^giaaiiaii iiijiiai  laiaigifigia  iaiift 

iaaaiaar aaaaiaaaaaa iiaaaaaaa  aagaa 

.  iiaailiiiaiiiaiaiaaaiaiiiMiiaiiia  . .  .  .  . . . , . . . . . . . 

iUliiiiiiili!ii!i!illli!!iUl!iliniIIKBiBiliiiiii!li!II!iiH!l!Ilillilf!!i|Biintffi;tyi3SiiHmtiUiliii(!!i3i;il!!liii!ii!ilii!;!!iii 


an  aai  laiini  ■•■■■■•■■■  ■■■■■iiii*  imiiiiii  kiiiiiiiii  ■miiiiiiiii 


aaaa*  ■ 


■■•■•••(■■■••■■■a 

■■Baai aaaaaiaaaa aaiii _  _ 

■•••aa aaaaaaaaaa aaaaaaaaai aaaaaa _  _ 

laaiaaa»«*a  aaaaa  aaaaaaaaaa aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa aaaaaaaaa’ 

!■■•■•  ■lainiiii  iaaaa  aaaaa  •aaaaaa  aai  aaaaaaaaaa  iaiia  aaiii  laaiaaaiai 
IminaiifiBaai  iiaaiaiaai  iaaaa  liaai  iaaaa  aim  aaaaaaaaai  laaaaiaaai 
1 iaaaa  ■■■maaai  iaaaa  aaaai  aaaaaaaaaa  iaaaa  aaaai - 


!!!!!!!! 

imusumumu  m  mum 

si*  82' «■•■■•/<  iaaa# 

-  aiar-  >r  aaa»« 


3il-3iH3i;r:!3nir.!ii!3i!iii31iiiiiliiiliiiiii!i3iiil 


■  '•■■■  ' f  JS8!#  * <*  •■  ••■»« ai*L •  •  ••  4  •  ic  ..  •  «!•  a  •'  <aa'  iaaai<>  1  «J  .n 

'•■■■<  1  *  *»  aair-  .(  aaai*  r  aaa» -  ,mbii  4t  ,t  «  a»  a»  a*  jr-.a  .  jaiaar-  <a‘  1  .a 
aaaaai iaaaa aaaai aaaaaaaaaa aaaaaaaaiaiaa>a aaaai naai aaaaa iaaaa  •  ai iaaaa iaaaa  aai 

■  ■iaai  aaa  a  a  aaaaa  aaaaa  aaaai  aaaaaaaaaa  laaianaai  iaiaa  iaaaa  iaaaa  aaaai  aiaaa  aaaai  in 


I:::::::::::::::::::::::::::::::: 


i 

iH 

!f  « 


u*  i 


lililil  !!ii!!llSii!!liiiiliii!L  _ 

liiiniiiih  ili;i»  !!ii.”i;i!i!!l!li!!li!!!!!!!  !i!l;!ii!i!!iiiii; 

llliiiii  ili  Biill  i!!!!i!!i!!!i!!!!IIHHH 
iiillili!  ill  !!i&;i!i!!ili;:iB!iiiiiiiiiii!!iii!i!ii! 


ihissai 

liiSSM 


l»*sW 


iB 


lllliiili 


mim  niiMiMMitMi 
- - |||IIMMtH*M 


Ji  • 


m 


B 


IBISHINi 

Hlii-ii] 


i:  :t 


■  ■•■a 

hRvm 


HflHBIBiii:! 


iliiiiiiiiiiiiiiiiiii&il 
iPilHI 
iiiiill 


SiHsgllliHiHii 

!!!!i!iii!!i!i!li!i  ill  iigiili  1111!  llllii!;  f  iliilii 


iia  iiai  •••••• 

•  •a  *aaa  mi  aaa- 


::::::::  ::: 

•••••••• 

nitini 


::::::::::::::: :::::: I::::::;.-:::::::::::;::::;;::::;;:::::: ::::::  :x: 

nlisHsssiiii'  x  iiiisiissi  •HiHiHW  !!!  liillssls  '«•;* 


:::::::::: 

iiantHk  •iiiiiifiiiaaa  ana*  <a«aaa*aaa  aaiiaaaf 


aaaaaaai  laaimi** 

**ti«Ma  aiaiaiitii 


•  a*«iaifiiM«aaaj 

•  at  a.  taaiitiaaatll 


•  • a  a* ... 

il|a « . II 
*■11 » V 

:::::: 


^m|BSS!l|iSmn|iiliiiiHS!!!imii»liH!ii!ls8i:::is::sss;:;::*:i::s:;:::;;;s::;::::ssss:is£sii»si«22s»iisissisSi2iiiSSS!!i£ss::s:s:si 

[••■■•■■■■■■■■■a  iaaia aaaaa ti in aaaaa  aaaaiiaaaaanaaaaaaa  . aaiaan  iBiaaiaiaamaiinaa  aaaiaaaaaa  taaaaaaaii  aaaaaaaaanaaaaiiB 


•(■•an . la  laiaaiaiaa  aiiiiaiiaa  aaaaiiaan  anaaaaaaiaaaaaiaiaiaaaaaaaaaa  aaaaaaaaBaaaaaaaaiaiaaaaaaaiaiaaaaaaaaaa  aaaaaaaua  aaaaaiaaaa  aaaaaaaa 

(Biaaaaiaaiaaai  aaaaaiaaaaaaaaiaaa'  . . .  i’mxbmi  w  'iraaa-ar 'iaaaaaaaa  aaaaaaaaai  aaaaaaaaaa  aaiaiaag 

•aaBiaBiaaiaaaaaBaaaiaaaaBiiaaaiBk^  <«ara  »- .a  aaaaaaaaaa  aaaaaaaaaa  laaaaaaa  *.  *  .  a »  r  .  jr  r  **  i<t  t  a ^a  a.  *.*%•*»  .jaaaaaaaaaaaaaaaaaiaaaaaaaaaaaaaaaaaa 
I  ■■■■■■!  !■!■■*■*■■•*  *  -■»  '  a  aa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaa  >  <  a.  i»-<*  aaaari  a<  .a  •  aaaaaaaaaa  aaaaaaaaaa  •aaaaaaaaa  aaaaa  aag 

iiaiaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  ana  a  aaaaa  . . . .  aaaaaaaaa*  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaa  aia 

•  aaaa  aaaaa aaaaa  aaaaa  aaaaa a  a  a a  a aaaaa aaaaaaaaaa aaaaa aaaaa a aaaaaaaaa aaaaa aaaaa aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aiaaaaaM 
•■•••  aaaaa ail Sa aaaaa aaaaa  aaaaa aaiaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaa a aaaaa a aaaa aaaaa aaaaa aaaaa aaaaa  aaaaa aaaaa aaaaa aaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aa3 
aaaaaaaaaa  aaaaa aaaaa aaaaa aaaaa aaaaaiaaaa  aaaaaaaaaa aaaaaiaaaa aaaaaaaaaa aaaaa aaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa aaaaa  aaaaa aag 
uaaa a aaaa aaaaa a aaaa aaaaa aaaaa aaaaa aaaaaiaaaa aaaaa aaaaa  aaaaaaaaaa  aaaaa aaaaa aaaaaaaaaa aaaaa aaaaa aaaaaaaaaa aaaaa aaaaa aaaaa aaaaa  aaaaaaaaaa aaaa a aa3 
■a a ■•a*aaiaai BaiB**iaaa aaaaa  aaaaa a a aaaaaaa a  aaaaaaaaaa  aaaaa aaaaa  aaaaaaaaaa aaaaa aaaaa  aaaaa aaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaBaa  aaaaaaaaaa  aaaaa  aaa 
a  >•  dmmr a gaff** <  mJ  .* »•  ■  aaaa  aaaaaaaaaa aaaaaaaaai aaaaaaaaaa  aaaaaaaaaa  aaaaa aaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa  aaaaa aaaaa aaaaaaaaaa  jaaaiaad 
■kMMMHMMMBHIAillllllllllllliaaai1  aaaai  iia  a  a  aaaaa  aaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaaaaaaa  aaaa  aaa  9 

MaMBiBallaisa  aaaaaaaaai  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaai  aaaaa  aaaaa  aaaaa  laaai  aaaaa  aaaaa  iBaafliaa 
■■■Clliia* aaaaa aaaaa  aaaaaaaaaa aaaaaaaaaa  aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaa aaaaa  aaaaaaM 

MaHHiiat  IBBBBBBBBS  BMItlilit  MIMMIM  lltll  Mttl  •■•*1  Mill  HIM  III . . 


■aaaa aaaaaaaaii aiiai iaaai aaaaa aaiia aaaaa iiaai iaiaa aaaaa iiaaii 
•aaaa  aaaaa  aaaaa  aaaaa  aaaaa  awaiaaia  aaaaaaaaaa  aaaaa aaaaa BaaiS* 


Fig.  16  Base  Pressure  Data,  h  =  2.5,  t.  =  .94,  0.  =  0,  7300  rpm 
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Fig.  23  Base  Pressure  Data,  h  =  2.3,  t.  =  .94,  .  =  -30,  7700  rpm 
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Fig.  25  Extrapolation  of  Mound  Flow  Data,  Drag 
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Fig.  26  Extrapolation  of  Mound  Flow  Data,  Lift 
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